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Abstract
Postmortem submersion interval (PMSI) is an essential factor when recovering bodies
from aquatic environments. Although several studies exist on postmortem interval (PMI)
estimation of mammalian cadavers in terrestrial systems, the same is not true for the aquatic
systems. Cartozzo et al. (11) developed PMSI prediction models using bacterial succession data
associated with waterlogged skeletal remains. This study is a continuation of the Cartozzo et al.
(11) study, but the aim of this study is to compare the bacterial DNA (16S rDNA) community
found on the surface of swabs recovered from waterlogged bones to the bacterial DNA obtained
from ground bone itself. If both sample types produce predominantly the same bacterial DNA
diversity at the same ADD intervals, then it would be quicker and more efficient to process bone
swabs than to grind the bone into a fine powder. This will also minimize precious sample
consumption. Porcine skeletal remains (scapulae and ribs) were submerged in a freshwater lake
in cages that were collected every 250 ADD (baseline + 20 collections). Swabs collected from
three ribs and three scapulae after every 500 ADD were utilized (baseline + 10 collections, N=59
swabs). DNA extraction was performed on these swab samples using ChargeSwitch® gDNA
Plant Kit. The variable region 4 (V4) of 16S rRNA gene was amplified and sequenced using the
Illumina MiSeq FGx Sequencing platform. The resulting data obtained from the swab samples
was analyzed and compared to the sequences obtained from the ground bone samples using
mother (v 1.39.5) and R (4.0.4). For both bone types, the swab samples exhibited higher alpha
diversity values compared to the bone powder samples. An analysis of molecular variance
(AMOVA) showed significant differences in the bacterial community structure between swab
and bone samples, supported by distinct clustering for each sample type on a non-metric
multidimensional scaling (NMDS) plot using Yue & Clayton distance matrix. The differences
in the bacterial community structure between the swabs and bone powder samples are attributed
to several low abundance taxa. Bacterial community structure did not change significantly with
time/accumulated degree day (ADD) for the swab samples. The changes in bacterial structure
associated with the swab and bone powder samples could be due to the influence of the
surrounding environment on the swabs.
Keywords:
Waterlogged bones, Postmortem interval (PMI), 16S rDNA sequencing, Bacterial succession,
Aquatic decomposition
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Introduction
Deaths occurring in or over water, such as water-related accidents (boat or ferry
disasters), accidental or intentional drownings, suicides, disposal of remains, or plane crashes,
take place every year and result in the eventual recovery of human remains from aquatic
environments. In 2018, the Virginia Office of the Chief Medical Examiner (OCME) reported
104 deaths due to accidental drowning (asphyxia), with 14.4% of accidental child deaths
occurring due to drowning (1). When remains are recovered, the postmortem interval (PMI),
time between death and discovery, is estimated and the accuracy of this is crucial for
identification of the remains, identifying what led to this death, and assisting in excluding any
suspects (2, 3).
Human decomposition begins around four minutes after death, and after enough cells
have ruptured releasing nutrient rich fluids, the process of putrefaction can begin (4). The
decomposition of bodies in water is generally accepted to be different from the decomposition
of bodies on land due to a number of variables that are unique to aquatic environments. Some
of the variables that could affect the decomposition of bodies in water are absence of insects,
temperature and salinity of the water, water depth, bacterial and chemical properties of water,
current or tidal action, or scavengers (5). These variables effect the ability of estimating the
postmortem submersion interval (PMSI), time between death and discovery in an aquatic
environment.
The decomposition in aquatic environments is a cumulative process comprised of
different variables stated above, and the rate of decomposition depends upon the time and
temperature of the water making the accumulated degree days (ADD) an important role in
estimating PMSI (3,6). Methods for estimating the time since death commonly used on
terrestrial cases, such as insect developmental and successional patterns, are usually not
5

applicable to bodies found in aquatic environments. There have been previous parameters
studied to estimate PMSI, such as decomposition patterns (3, 7), and diatom and algal diversity
(8). One of these studies developed and validated an aquatic decomposition scoring (ADS)
method to provide a standardized method when determining the degree of decomposition for
bodies that were found in aquatic areas. This scoring method was applied to case files, and
recorded levels of no visible changes to the body to the final level of complete skeletonization
(7).
Depending on the recovery period, it is possible that soft tissue on the body may be
entirely absent, which could affect the ability of decomposition scoring to estimate PMSI. If the
soft tissue on the body is absent and dentition absent, identification of the recovered remains
would be solely based on the DNA obtained from the bones. When the body is skeletonized,
microorganisms that are endogenous to both the remains of the body and the environment are
present (9). Submerged bone also harbors bacterial communities that change as decomposition
progresses and this bacterial succession pattern, appearance/disappearance of species, may also
be utilized for the development of PMSI methods (10-12). Although several studies have shown
that the microbial community changes significantly with time on vertebrate cadavers in
terrestrial systems (13-17), similar information is available at a limited scale in aquatic systems.
Initial decomposition studies in aquatic environments were focused on salmon and whale
remains, and the results suggested that there were shifts in the microbial structure in freshwater
and marine environments (18-22). However, the use of aquatic model organisms for these
studies makes the information on human remains limited and their applicability unknown. Many
studies then focused on the aquatic decomposition of pigs as the model organism. Dickson et al.
(5) investigated the bacterial succession during decomposition of different superficial tissue
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types as a possible indicator of PMSI. This study utilized three swine heads where sampling
occurred by removing the heads from the water and swabbing the skin at intervals before placing
it back into the water. The sampling period was 11 days in the fall and 21 days in the winter.
Dickson et al. (5) showed that there was bacterial colonization occurring in a successional
manner on the submerged remains. The bacterial succession had seasonal variations, and this
study was able to identify bacteria that could potentially be used to estimate PMSI.
While Dickson et al. (5) provided research on microbial succession on remains in aquatic
environments, they used small sample sizes (N<3) and a short sampling period (11- 21 days),
overlooking the possibility of long term PMSI estimation. Studies conducted by Cartozzo et al.
(10, 11) expanded those limitations and performed aquatic decomposition studies for an
extended period of time (>5200 ADD or ca. 18 months) on submerged bones (porcine scapulae
and ribs) and observed significant differences in bacterial structure between bone types and
water environments (freshwater river and lake). Significant differences in bacterial structure
between different ADD in both bone types were observed. Clostridiaceae, which decreased as
decomposition progressed, was found to be the most dominant family for ribs. Whereas,
Holophagaceae was the most dominant family in scapulae, and it increased as decomposition
progressed. Random forest models based on family level taxa predicted PMSI within 57 days
(i.e., 522.97 ADD; Rib) and 37 days (i.e., 222.8 ADD; Scapulae) in lake environments and
within 27 days (i.e., 472 ADD; Rib) and 29 days (i.e., 499 ADD; Scapula) in riverine
environments (10, 11).
Although Cartozzo et al. (10, 11) studies utilized well replicated bone samples for an
extended period of time for the PMSI prediction, the DNA was extracted from the ground bone,
which is a very labor intensive and time-consuming step involving grinding the bone down into
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a fine powder. As a comparison to ground bone, this study utilized swabs, collected from the
same bone samples, to compare whether the microbial community structure observed using the
swabs are similar to the one observed from the bone powders in the Cartozzo et al. (11) study.
The use of swabs in the forensic setting, as a sample collection device, has become standardized.
There are many advantages to using swabs, such as minimum/no sample consumption, faster
and easier sample collection, and easy to transport and storage requirements (23). While studies
have shown that swabbing the skin to investigate the bacterial diversity present has been an
effective sampling method (24, 25), the information on how effective DNA analysis is on
swabbing skeletal remains is limited.
This study seeks to determine which sample type, bone swabs or ground bone powder,
would recover the most usable bacterial DNA to more accurately estimate the PMSI. If both
sample types produce a majority of the same bacterial DNA, then it would be quicker, less labor
intensive, and more efficient to process bone swabs than to grind the bone into a fine powder.
Overall, these results would contribute to the limited information in forensic science of using
microbes for estimating PMSI, and aid analysts in determining the best sample collection
methods for microbial analysis of waterlogged bones.

Materials & Methods
The site design and sample collection methods are outlined in Cartozzo et al. (10, 11)
studies. Briefly, bone samples were collected every 250 ADD for a total of 20 collections
(baseline + 19 collections) from Henley’s Lake (White Hall, VA 38.0863º N, 78.6842º W),
a freshwater lake. Each collection contained five ribs and five scapulae per cage. Baseline
samples consisted of five ribs and five scapulae that were never exposed to water. After
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collection, bone samples stored in a freezer at -80 °C were swabbed, and resulting swabs were
stored at -20°C until further processing. The swab total is N=200, [20 collections x 10 bone
samples (5 rib, 5 scapulae) = 200] for the freshwater lake location. For this study, only swabs
collected from three ribs and three scapulae after every 500 ADD were utilized (baseline + 10
collections, N=59 swabs) (scapula baseline replicate 3 was missing). Table 1 details the expected
ADD, the actual ADD, the days since placement, the swab samples used in this study, and the
bone powder samples used from the Cartozzo et al. (11) study.
DNA Extraction and Quantitation
DNA extraction was performed using bone swabs with the ChargeSwitch® gDNA Plant
Kit (Life Technologies – ThermoFisher Scientific, Waltham, MA), according to the Invitrogen
CST Protocol for Extracting gDNA from Bone Samples (26). All samples were eluted in 100
μL of the provided elution buffer, and were quantitated using Qubit® 2.0 Fluorometer
(ThermoFisher Scientific), according to the Qubit® dsDNA HS Assay Kits User Guide (27),
and stored at -20 °C.
16S rDNA amplification and sequencing
The variable region 4 (V4) of 16S rRNA gene was amplified and sequenced for all
collected swab samples using dual-indexing strategy on the Veriti 96 Well Thermal Cycler
TM

(Applied Biosystems, USA) as explained in Kozich et al. (28). A mock bacterial community
standard from ZymoBIOMICS and a polymerase chain reaction (PCR) negative control was
TM

included. Each PCR reaction contained template DNA (1-6.2 ng; 6.2 µL maximum), 10 µL
Promega PCR master mix (2X), 0.8 µL 25mM MgCl2, and 3 µL of forward/reverse primers
(10uM each) resulting in a total of 20 µL. To view PCR success, 3 µL of the PCR DNA product,
2 µL of 6X loading dye (New England Biolabs, MA, USA), and 7 µL of 1XTAE buffer were
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combined to visualize the amplicons on 1.6% agarose gel. Samples that did not amplify in the
first round were amplified again using 1 µL of ten-fold diluted original DNA extracts, and
keeping all other PCR parameters from the first PCR amplification step the same. The amplicons
were

viewed

on

a

2%

agarose

gel.

PCR

products

were

purified

using

the

Agencourt® AMPure® PCR Purification kit (Beckman Coulter, Brea, CA) and by following
manufacturer’s protocol (29). Using the Qubit® 2.0 Fluorometer, these purified PCR products
were quantified, and pooled together by using 1 ng purified product from each sample. The
pooled PCR product library was dried down to 1 ng/µL using a Savant DNA120 Speed Vac
Concentrator (Fisher Scientific, Waltham, MA) and this library was sequenced using the 2x250
paired-end sequencing-by-synthesis on Illumina’s MiSeq® FGx Sequencing platform (Illumina,
San Diego, CA) following manufacturer’s instructions using the Illumina MiSeq® v2 Reagent
kit.
Data Analysis
Data analysis and visualization were completed using mothur v 1.39.5, R v4.0.4 using
Rstudio v 1.3.1073, and Microsoft Excel. The raw sequencing data was analyzed using mothur
by following the MiSeq SOP (30). The raw sequences from the swab samples and the bone
powder samples were made into contigs from the forward and reverse reads, and any sequences
with ambiguous bases or over 275 nucleotide bases were removed. Unique sequences were
identified, so there were no duplicate sequences, and then aligned to the SILVA bacterial
reference dataset (31). The sequences that did not align with the targeted region (start=13862,
end=23444) of the bacterial reference were removed. The sequences were then pre-clustered
(diffs=2). Using UCHIME v 4.2 (32), the chimeric sequences were removed, leaving the rest of
the sequences for further analysis. The remaining sequences were classified using the
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Greengenes 13_8_99 reference taxonomy (33). The bootstrap cutoff value to consider sequences
classified at that taxonomic level was a support of 80% or higher in naïve Bayesian classifier.
The sequences that were classified as unknown, chloroplast, mitochondria, archaea, and
eukaryote were removed. Due to the unequal sequence reads in the different samples, a
subsampling size of 4380 was applied to minimize any sample bias. This caused a loss of three
samples and all four negative PCR controls. The mock bacterial community sample was
removed before further analysis. The operational taxonomic units (OTU), phylogeny, alpha
diversity, and beta diversity were assessed on mothur.
Rarefaction curves were made in Excel after the subsampling step from output files from
mothur to visualize the effectiveness of the subsampling size. Stacked bar graphs for the relative
abundance of taxonomic levels (class and family) were constructed using Microsoft Excel,
highlighting the top 15 most abundant taxa. The alpha diversity was visualized using Microsoft
Excel by creating a linear model from the phylogenetic diversity output file from mothur. A
table was created from outputs from mothur to show the coverage (%), Inverse Simpson Index,
Shannon Index, and Shannon Evenness Index for all samples.
A non-metric multidimensional scaling (NMDS) plot was constructed in R using the Yue
& Clayton distance matrix (thetayc) for the rib swab, rib bone powder, scapula swab, and scapula
bone powder samples at 5% genetic dissimilarity. Analysis of Molecular Variance (AMOVA)
statistical analyses were performed in mothur using the distance matrix of Yue & Clayton at 5%
genetic dissimilarity for comparing the sample types. AMOVA analyses were also performed
using the Yue & Clayton distance matrix for the bacterial community between ADD for each
swab type at a 5% genetic dissimilarity.
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Indicator species analysis was performed in R by using the indicspecies package (34).
Overall, the top ten indicator genera for swab samples and bone powder samples were visualized.
A heat map was generated in Microsoft Excel using the top 10 indicator species for each of the
swab and bone powder samples. To determine the differences in the bacterial communities of
sample types, the rib swabs and rib bone powder samples were compared to each other, as well
as the scapula swabs and scapula bone powder samples using the indicspecies package. For these
analyses, the cutoff was any genus that did not constitute at least 0.1% of the total relative
abundance of each sample type. Fifty-five genera were analyzed to compare the rib swabs to rib
bone powder samples, and 81 genera were used for the comparison of scapula swabs to scapula
bone powder samples.

Results
Results from the study concerning sequence characteristics, diversity, and indicator taxa
are present below.
Sequence Characteristics
The pre-processing and other quality control steps, such as screening, filtering, and
aligning, removed about 20% of all raw reads. Initial read counts totaled to 4,670,409 from 123
samples including the swabs, bone powder samples, mock community sample, and negative
controls (on average 37,970 reads/sample), and the final read counts total to 3,740,352 (on
average 30,409 reads/sample) (Table 2-3). Samples were then subsampled to 4380 reads,
resulting in the removal of one swab sample, two bone powder samples, and all four negative
PCR controls. A rarefaction curve at 5% genetic distance was constructed to visualize the
subsampling size effectiveness (Figure 1). The rarefaction curve shows that most samples
12

plateaued around the subsampling size. This resulted in 28 scapulae swab samples, 30 rib swab
samples, 27 scapulae bone powder samples, and 30 rib bone powder samples for further analysis.
A mock community sample was included to determine any run-to-run errors, and to make sure
the bacterial community was intact. The mock community sample produced a bacterial profile
that coincided with the manufacturer’s provided profile at the genus level (Figure 2).
Taxonomic Characteristics
There were a total of 503,700 subsample sequences classified into 57 phyla, 161 classes,
293 orders, 453 families, 728 genera, and 823 species. Out of the top five phyla, four phyla
(Firmicutes, Proteobacteria, Bacteroidetes, and Acidobacteria) were shared among all four
sample types (rib swab, rib bone powder, scapula swab, and scapulae bone powder).
Cyanobacteria was unique to scapula swab whereas Spirochaetes was shared by three other
samples (Figure 3).
The rib swabs and rib bone powder samples shared all of the top 15 most abundant
classes and families (Figure 4). When comparing the rib swab and rib bone powder samples at
the class level, the main differences in relative abundance were taxa belonging to Holophagae,
Betaproteobacteria, and Oscillatoriophycideae in the rib swab samples, and Spirochatetes in the
rib bone powder samples. At the family level, the taxa driving the differences in relative
abundance were Holophagaceae and Syntrophomonadaceae in the rib swab samples, and
Ruminococcaceae, Veillonellaceae, and Spirochaetaceae in the rib bone powder samples.
The scapula swabs and the scapula bone powder samples shared all of the top 15 most
abundant classes and families (Figure 4). When comparing the scapula swab and scapula bone
powder samples, the class level analysis revealed main taxa differences of Holophagae,
Betaproteobacteria, Oscillatoriophycideae, and Alphaproteobacteria in the scapula swab
13

samples, and Spirochatetes in the scapula bone powder samples in regards to total relative
abundance. At the family level, Comamonadaceae and Rhodocylclaceae were more abundant in
the scapula swab samples, and Spirochaetaceae, Veillonellaceae, Syntrophomonadaceae,
Rikenellaceae, and Ruminococcaceae in the scapula bone powder samples.
Bacterial Diversity
In general, the phylogenetic alpha diversity increased with ADD (Figure 5). In both bone
types, bacterial diversity was much higher in swab samples than in bone powder samples.
Among bone types, scapula was more diverse than rib samples (Figure 5, Table 4). An analysis
of molecular variance (AMOVA) based on the Yue & Clayton distance matrix showed
significant differences in the bacterial community structure between all sample types (p-value:
<0.001, Fs=9.25765) (Table 5). A non-metric multi-dimensional scaling plot (NMDS) also
showed distinct clustering for samples associated with rib bone powder, rib swabs, scapula bone
powder, and scapula swabs (Figure 6). The bacterial diversity for the rib swab samples across
ADD did not show individual significant differences through the AMOVA test based on Yue &
Clayton dissimilarity distances (Table 6), and the AMOVA test for the scapula swab samples
across each ADD also did not show any significant differences in the bacterial diversity (Table
7).
Predictor Taxa
Although a majority of dominant taxa were shared between swab and bone powder
samples in both bone types, there was a significant difference in overall bacterial community
structure between swab and bone powder samples. This can be attributed to several low
abundance taxa that were associated with each sample type (Tables 8, 9, and 10). For example,
Desulfobulbus, Comamonadaceae_unclassified, Desulfovibrio were the top three indicator taxa
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associated

with

swab

samples,

whereas

Ruminococcus,

Treponema,

and

Enterobacteriaceae_unclassified were the top three indicator taxa associated with bone powder
samples. The abundance of these indicator genera was visualized through a heat map (Figure 7).
Out of the 55 genera used in the indicator species analysis to compare the bacterial difference in
rib swabs versus rib bone powder samples, there were seven genera found solely in the rib swab
samples, and only one genus found solely in the rib bone powder samples (Table 9). Out of the
81 genera used to compare the bacterial community in the scapula swabs and scapula bone
powder samples, there were 24 genera only found in the scapula swab samples and two genera
only found in the scapula bone powder samples (Table 10). All indicator genera had point biserial correlation coefficient (PBCC) values of >0.5 and p-values of <0.05.

Discussion
This study used 16S rDNA sequencing to determine if the bacterial community from
swab samples were significantly different from the bacterial community from bone powder
samples. For both bone types, the major taxa in the class and family levels for swab and bone
powder samples were similar, but there is an overall significant difference in the bacterial
community due to several low abundant taxa that were present in each sample type. Indicator
species analysis identified genus level taxa that were exclusively present in each sample type.
The top 5 phyla that were most prominent in all sample types were Firmicutes,
Proteobacteria, Bacteriodetes, Spirochaetes, and Acidobacteria, with the exception of
Cyanobacteria for the scapulae swab samples. Proteobacteria and Firmicutes were the most
abundant where Proteobacteria decreased with ADD and Firmicutes increased with ADD which
reflects the results from a previous study on porcine remains in an aquatic environment (22).
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Proteobacteria has been associated with soil, aquatic environments, vertebrae mammals, and
the human gut (22, 35). Firmicutes is often found in anoxic aquatic areas and in sediments, and
was found in high relative abundances for all sample types (36). Cyanobacteria was in the top
five most abundant phyla for the scapula swab samples, and was also found in high abundance
in the water samples collected from the Cartozzo et al. (11) study.
Differences between the rib swab and rib bone powder samples were mainly driven by
bacteria

belonging

to

Acidobacteria

(e.g.,

Holophagae),

Proteobacteria

(e.g.,

Betaproteobacteria), and Cyanobacteria (e.g., Oscillatoriophycideae) in the rib swab samples
and Spirochaetes (e.g., Spirochatetes) in the rib bone samples. Bacteria belonging to
Acidobacteria

(e.g.,

Holophagae),

Proteobacteria

(e.g.,

Betaproteobacteria

and

Alphaproteobacteria), and Cyanobacteria (e.g., Oscillatoriophycideae) were prominent in the
scapula swab samples and Spirochaetes (e.g., Spirochatetes) was more abundant in the scapula
bone powder samples. The phylum Spirochaetes is a diverse bacterial taxa that can be found in
soil, marine sediments, and in the gut of vertebrates or arthropods (37). Betaproteobacteria and
Alphaproteobacteria are bacteria commonly found in freshwater environments (38).
Betaproteobacteria and Alphaproteobacteria were observed to be present in the water samples
collected in the Cartozzo et al. (10) freshwater river study and Oscillatoriophycideae was
observed, in addition to the two previous bacterial taxa, to be present in the freshwater lake
study (11). This study proposes that the differences between the swab samples and the bone
powder samples could be attributed to the swab samples being influenced by the surrounding
environment of the freshwater lake.
For both bone types, the swab samples had a greater alpha diversity than the bone
powder samples. This may be because swab samples included many taxa that are common in
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aquatic environments. The rib swab and scapula swab samples shared five indicator genera:
Rhodoferax,

Desulfobulbus,

Planktothrix,

Comamonadaceae_unclassified,

and

Dechloromonas. Rhodoferax comes from the family Comamondaceae and was identified in a
surface water collection sample from a freshwater lake (39), Desulfobulbus is a marine sulfatereducing bacteria (40), and Planktothrix is described as a surface cyanobacteria bloom found
in freshwater (41). On the scapula swabs’ indicator genera list, Chitinophagaceae,
Gammaproteobacteria, Oxalobacteraceae, Flavobacteriaceae, and Comamonadaceae were also
observed in high abundances in the water samples from the Cartozzo et al. (10) study in the
freshwater river. This shows that the indicator genera identified in the swab samples could be
contributed by the surrounding environment. Therefore, the additional taxa observed in the
swab samples may influence microbial-based PMSI estimation. It seems likely that powder
samples are less impacted by the aquatic environment, thus providing a more accurate
estimation of PMSI.

Conclusions
This study identified significant differences in the bacterial community structure
between the swab samples and the bone powder samples for both bone types. Although
bacterial community structure changed with ADD, this change was not significant for the
majority of time sampling points. A PMSI prediction model based on these data will inform the
ability to accurately estimate PMSI accurately based on this data set. Further research to
improve PMSI prediction models could consider other genetic markers such as 18S rDNA and
ITS region, the applicability of these porcine findings to human cases, and the best type/brand
of swab to use to provide the best bacterial community for analysis.
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Figures and Tables

Figure 1. Rarefaction curve of bone swab samples and bone powder samples at 5% genetic
distance (Subsampling cut-off = 4380).
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Figure 2. Relative abundance of ZymoBIOMICS microbial community DNA standard with
the expected eight genera and the unclassified taxa. Taxa with less than 4 reads were grouped
as “Artifacts” (with relative abundance <0.1%, not visible on the graph).
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Figure 3. Venn diagram of top 5 phyla recovered from each sample type (scapula swab, rib
swab, rib bone powder, and scapula bone powder).
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Figure 4. Relative abundance stacked bar graphs of the top 15 classes (top panels) and top 15
families (bottom panels) associated with Rib Swab, Rib Bone Powder, Scapula Swab, and Scapula
Bone Powder sample types across accumulated degree days (ADD). The unclassified and rare taxa
are included.
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Figure 5. Phylogenetic Diversity (PD) for Rib Swab, Rib Bone Powder, Scapula Swab, and
Scapula Bone Powder sample types across accumulated degree days (ADD).
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Figure 6. Non-metric multi-dimensional scaling (NMDS) ordination using the Yue &
Clayton distance matrix (thetayc) for different treatment groups (Rib Swab, Rib Bone
Powder, Scapulae Swab, and Scapulae Bone Powder) for all subsamples at 5% genetic
dissimilarity (stress=0.195).
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Figure 7. Heat map of the top 10 indicator genera for Rib Swab, Rib Bone Powder, Scapula
Swab, and Scapula Bone Powder sample types. Green color indicates lower level of relative
abundance, whereas yellow/red color indicates higher level of relative abundance.
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Table 1. A comparison of the sample collection information for accumulated degree days
(ADD), time since placement (days), sample collection numbers and sample types with
associated sample name.
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Table 2. A comparison of the initial sequencing read counts for rib/scapula swab samples and
rib/scapula bone samples generated from mothur v 1.39.5.
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Table 3. A comparison of the final sequencing read counts for rib/scapula swab samples and
rib/scapula bone samples generated from mothur v 1.39.5.
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Table 4. Summary of the Coverage (%), Inverse Simpson Index, Shannon Index, and Shannon
Evenness Index for Rib Swab and Rib Bone Powder (top panel), and Scapula Swab and Scapulae
Bone Powder (bottom panel) across accumulated degree days (ADD) at a 5% genetic distance.
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Table 5. P-values of pair-wise AMOVA comparisons for treatment group of Rib Bone Powder,
Rib Swab, Scapula Bone Powder, and Scapula Swab using the Yue & Clayton distance matrix at
5% genetic dissimilarity. Experiment-wise error rate = 0.05 and pair-wise error rate (Bonferroni)
= 0.00833333. The overall p-value when comparing all sample types together produced a p-value
of <0.001 (Fs=9.25765).
Sample Type
Rib Bone Powder
Rib Swab
Scapula Bone Powder
Scapula Swab

Rib Bone Powder

Rib Swab

Scapula Bone Powder

<0.001 (Fs=6.23723)
<0.001 (Fs=6.98791)
<0.001 (Fs=12.5443)

<0.001 (Fs=10.572)
<0.001 (Fs=9.28668)

<0.001 (Fs=10.0195)
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Table 6. P-values of pair-wise AMOVA comparisons for each accumulated degree day (ADD) for
the rib swab sample type using the Yue & Clayton distance matrix at 5% genetic dissimilarity.
Experiment-wise error rate = 0.05 and pair-wise error rate (Bonferroni) = 6.41026e-05. The overall
p-value = <0.001 (Fs=7.47638).
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Table 7. P-values of pair-wise AMOVA comparisons for each accumulated degree day (ADD) for
the scapula swab sample type using the Yue & Clayton distance matrix at 5% genetic dissimilarity.
Experiment-wise error rate = 0.05 and pair-wise error rate (Bonferroni) = 6.41026e-05. The overall
p-value = <0.001 (Fs=7.47638).
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Table 8. Top ten indicator genera for the swab samples (top panel) and the bone powder samples
(bottom panel) with the point bi-serial correlation coefficients (PBCC) and p-values associated
with them.
Genera

Indicator Group

PBCC

p-value

Desulfobulbus

Swab

0.870

0.001

Comamonadaceae_unclassified
Desulfovibrio
Betaproteobacteria_unclassified
Planktothrix

Swab
Swab
Swab
Swab

0.865
0.859
0.852
0.842

0.001
0.001
0.001
0.001

Rhodoferax
Rhodocyclaceae_unclassified

Swab
Swab

0.841
0.821

0.001
0.001

Dechloromonas
OPB56_unclassified
Bacteroidetes_unclassified

Swab
Swab
Swab

0.817
0.788
0.788

0.001
0.001
0.001

Ruminococcus
Treponema
Enterobacteriaceae_unclassified
Bacteroides

Bone Powder
Bone Powder
Bone Powder
Bone Powder

0.889
0.884
0.857
0.838

0.001
0.001
0.002
0.001

Veillonellaceae_unclassified
YS2_unclassified
Enterococcaceae_unclassified
Yersinia
Morganella
EtOH8_unclassified

Bone Powder
Bone Powder
Bone Powder
Bone Powder
Bone Powder
Bone Powder

0.780
0.764
0.757
0.757
0.731
0.609

0.013
0.011
0.001
0.003
0.009
0.043
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Table 9. Top indicator genera for the Rib Swab samples (top panel) and the Rib Bone Powder
samples (bottom panel) with the point bi-serial correlation coefficients (PBCC) and p-values
associated with them.

Genera

Indicator Group

PBCC

p-value

Planktothrix

Rib Swab

0.870

0.002

Betaproteobacteria_unclassified

Rib Swab

0.850

0.001

Desulfobulbus

Rib Swab

0.825

0.001

Rhodocyclaceae_unclassified

Rib Swab

0.794

0.002

Comamonadaceae_unclassified

Rib Swab

0.782

0.004

Rhodoferax

Rib Swab

0.742

0.009

Dechloromonas

Rib Swab

0.712

0.007

Rib Bone Powder

0.741

0.001

Enterococcaceae_unclassified
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Table 10. Top indicator genera for the Scapula Swab samples (top panel) and the Scapula Bone
Powder samples (bottom panel) with the point bi-serial correlation coefficients (PBCC) and pvalues associated with them.
Genera

Indicator Group
Rhodoferax
Scapula Swab
Comamonadaceae_unclassified
Scapula Swab
Desulfobulbus
Scapula Swab
Desulfobulbaceae_unclassified
Scapula Swab
Dechloromonas
Scapula Swab
Flavobacterium
Scapula Swab
Candidatus_Xiphinematobacter
Scapula Swab
Hydrogenophaga
Scapula Swab
Luteolibacter
Scapula Swab
Zoogloea
Scapula Swab
Crenothrix
Scapula Swab
Planktothrix
Scapula Swab
Chitinophagaceae_unclassified
Scapula Swab
Gammaproteobacteria_unclassified
Scapula Swab
Oxalobacteraceae_unclassified
Scapula Swab
Rhizobiales_unclassified
Scapula Swab
mitochondria_unclassified
Scapula Swab
Janthinobacterium
Scapula Swab
Cytophaga
Scapula Swab
Methylotenera
Scapula Swab
Rhodobacter
Scapula Swab
Desulfobacteraceae_unclassified
Scapula Swab
Pythium
Scapula Swab
Acidovorax
Scapula Swab
Carnobacterium
Scapula Bone Powder
Bacteroides
Scapula Bone Powder

PBCC
0.923
0.918
0.913
0.905
0.899
0.871
0.866
0.856
0.849
0.841
0.826
0.825
0.810
0.810
0.804
0.760
0.729
0.727
0.722
0.716
0.711
0.707
0.693
0.630
0.879
0.852

p-value
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.001
0.001
0.011
0.002
0.002
0.001
0.001
0.001
0.001
0.033
0.008
0.013
0.013
0.019
0.010
0.001
0.001
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